Introduction {#Sec1}
============

T2DM has been regarded as a risk factor and important cause of multiple neurological disorders including dementia, cerebrovascular disease, and anxiety/depression, therefore has been a focus of study on metabolism dysfunction-induced neurological diseases \[[@CR1]\]. The blood-brain barrier (BBB) is a protective mechanism that maintains cerebral homeostasis and provides the central nervous system with unique protection against foreign matters \[[@CR2]\]. BBB is located at the level of the capillaries between the blood and cerebral tissue and is characterized by the presence of tight intracellular junctions and polarized expression of many transport systems \[[@CR3]\]. BBB damage is a critical neurovascular complication of T2DM that adversely affects the central nervous system (CNS) function. In vitro and in vivo studies have shown that diabetes could lead to the impairment of BBB integrity and subsequent BBB permeability increase \[[@CR4], [@CR5]\]. Hence, the development of therapeutics targeting BBB damage in diabetes has been considered clinically significant \[[@CR6]\].

Histone acetylation and deacetylation are two major epigenetic mechanisms in the regulation of gene transcription. In general, acetylation of histone by histone acetyltransferases (HATs) is thought to weaken the interaction of histone with DNA, thus providing greater accessibility of regulatory elements to DNA and promote gene transcription. On the other hand, histone deacetylases (HDACs) catalyzes the deacetylation of histone proteins, hence inhibiting gene transcription \[[@CR7], [@CR8]\].

HDAC3 is the most highly expressed class I HDAC in the brain, predominantly expressed in the hippocampus, cortex, and cerebellum \[[@CR9]\]. HDAC3 plays multiple roles in a variety of pathophysiological conditions including cancer and neurodegenerative diseases. Experimental studies show that HDAC3 inhibitor suppresses cell apoptosis induced by inflammatory cytokines or glucolipotoxic stress and increase insulin release in vitro \[[@CR10]\]. Moreover, HDAC3 inhibition has also been shown to improve plasma glucose levels and pancreatic β cell function in a rat model of type 2 diabetes \[[@CR11]\]. Interestingly, HDAC3 activity was significantly increased in the peripheral blood mononuclear cells of patients with T2DM compared to control subjects, and its activity/mRNA levels positively correlated with proinflammation, poor glycemic control, and insulin resistance \[[@CR12]\]. These emerging experimental findings imply that HDAC3 might play important roles in diabetic pathophysiology and complications \[[@CR13]\].

Nuclear factor-E2-related factor 2 (Nrf2) is a redox-sensitive master regulator of the expression of antioxidant proteins that protect against oxidative damage triggered by injury and inflammation \[[@CR14]\]. Multiple studies have established the protective role of Nrf2 against BBB damage in various CNS pathologies \[[@CR15], [@CR16]\]. It has been reported HDAC3 inhibition regulates Keap1/Nrf2 balance through modulating the expression of miR-200a, which binds to the 3′-terminal region of the Keap1 mRNA to downregulate its translation \[[@CR17]\], and the reduced Keap1 level leads to an increase in Nrf2 nuclear translocation, which subsequently increases the transcription of antioxidant and anti-inflammatory genes \[[@CR18]\]. Very interestingly, our recent experimental study showed HDAC3 inhibition prevented oxygen-glucose deprivation/reoxygenation (OGD/R)-induced transendothelail cell permeability increase in cultured human brain microvascular endothelial cells (HBMEC), suggesting an important role of HDAC3 in BBB permeability modulation \[[@CR19]\]. In diabetic subjects, Nrf2 dysregulation may mediate oxidative/inflammatory stress-induced neurovascular dysfunction and BBB disruption \[[@CR20]\]. Our recent study has demonstrated that BBB leakage protection by recombinant FGF21 treatment was mainly contributed through Nrf2 upregulation in type 2 diabetic mice \[[@CR21]\].

In this study, we tested our hypothesis that HDAC3-specific inhibitor (RGFP966) may reduce T2DM-induced BBB permeability via Nrf2 activation. Results from this study showed that HDAC3 activity and expression in the hippocampus and cortex were increased in db/db mice. HDAC3 inhibition protected against diabetes-induced BBB permeability. In cultured HBMEC, we further revealed that HDAC3 inhibition repressed Keap1 through miR-200a upregulation, thereby reducing Keap1-Nrf2 interaction and promoting Nrf2 activation, leading to the protective effects against T2DM-induced BBB permeability.

Material and methods {#Sec2}
====================

All animal experiments were performed following the protocols approved by the Massachusetts General Hospital Animal Care and Use Committee in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Experimenters were blinded to data acquisition.

Animals and drug treatments {#Sec3}
---------------------------

Male leptin receptor-deficient mice (db/db, stock no: 000642), control mice (db/+, stock no: 000642), and wild-type mice (C57BLKS/J, stock no: 000662) were purchased from The Jackson Laboratory (Jackson Laboratory, Bar Harbor, ME) at ages of 16 weeks. A table listed the animal groups and numbers used in each experimental assessment (Additional file [1](#MOESM1){ref-type="media"}). The animals were randomly assigned to vehicle-treated or RGFP966 (Cat Number: S7229; Selleck Chemicals, Houston, TX) treatment groups. RGFP966 (or vehicle) was administered at the dose of 10 mg/kg/day by intraperitoneal injection for 10 days. The dose selection was based on previously established dose regimen of RGFP966 treatment in mice \[[@CR8]\].

Preparation of brain microvascular {#Sec4}
----------------------------------

Brain microvascular was isolated following an established method as we previously described \[[@CR22]\]. Briefly, after cardiac perfusion with phosphate-buffered saline (PBS), the hippocampus and cortex were harvested, then homogenized in cold PBS on ice with Knote Dounce glass tissue grinder (Part 885300-0002; Kimble Chase Life Science, Vineland, NJ) and centrifuged at 4 °C, 500*g* for 5 min. The tissue pellet was suspended with 18% Dextran solution (molecular weight 60--90 kDa; USB Corporation, Cleveland, OH) in PBS and then centrifuged again at 4 °C, 2500*g* for 20 min. The final suspension was filtered through a 40-μm cell strainer to get rid of remaining single cells or small cell clumps. The resulting microvascular on the top of the cell strainer was used directly for RNA extraction. Our previous study has demonstrated these isolated brain microvascular fragments are positive for endothelial CD31 marker immune staining and lack contaminating signals from astrocytic GFAP or smooth muscle/pericyte a-SMA markers \[[@CR22]\].

Mice BBB permeability {#Sec5}
---------------------

The in vivo sodium fluorescein (NaFl)/fluorescein isothiocyanate (FITC)-Dextran permeability assay was performed as we previously described \[[@CR21]\]. Briefly, to assess BBB permeability with NaFl, mice were introperitoneally injected with NaFl at the dose of 200 mg/kg at day 10 after RGFP966 treatment. One hour after NaFl injection, mice were sacrificed by transcardial perfusion with saline under isoflurane anesthesia. The hippocampus and cortex were isolated, and NaFl was extracted using 30% trichloroacetic acid. NaFl fluorescence (excitation 440 nm and emission 525 nm) was quantified using fluorescence microplate reader (SpectraMax M5, Molecular Device). To assess BBB permeability with FITC-Dextran (4 kDa or 10 kDa), mice were introperitoneally injected with FITC-Dextran at the dose of 50 mg/kg. One hour after FITC-Dextran injection, mice were sacrificed by transcardial perfusion with saline under isoflurane anesthesia. The hippocampus and cortex were isolated, and FITC-Dextran was extracted using phosphate-buffered saline. FITC-Dextran fluorescence (excitation 490 nm and emission 520 nm) was quantified using fluorescence microplate reader (SpectraMax M5, Molecular Device). Fluorescence values from duplicate wells were fit to a standard curve, averaged, and expressed relative to the total protein amount as determined by the Bradford assay. For the visualization of fluorescence penetration in the brain sections, after transcardial perfusion with saline, the brains were post-fixed in 4% PFA for 1 h. Next, 20 μm sagittal slices were obtained with a Leica freezing microtome and staining with rat anti-CD31 antibody (Cat Number: 550274; BD Bioscience, San Jose, CA). Fluorescent signals were examined using Nikon Eclipse T300 fluorescence microscope.

Human brain microvascular endothelial cell culture and viability {#Sec6}
----------------------------------------------------------------

Primary HBMEC was purchased from Cell Systems Corporation (ACBRI376, Kirkland, WA) and cultured in complete growth media EBM-2 with supplement growth factors (Lonza, Walkersville, MD). The viability of cultured HBMEC was assessed by WST assay in 24-well plates as we previously described \[[@CR23]\]. WST-1 reagent (50 μl) was added to each well (containing 450 μl medium) and incubated for 2 h at 37 °C. Absorbance was determined at 490 nm against untreated cells using a microplate reader (SpectraMax M5, Molecular Devices) according to the manufacturer's instruction.

FITC-Dextran transendothelial permeability assay {#Sec7}
------------------------------------------------

FITC-Dextran transendothelial permeability assay was performed as we previously described \[[@CR21]\]. Briefly, primary HBMEC was cultured on the inner surface of collagen-coated Transwell inserts (6.5 mm diameter, 0.4 μm pore size; Corning, NY) in complete EBM-2 containing normal (5 mM) glucose or 25 mM glucose (hyperglycemia). HBMECs were seeded at a density of 2 × 10^4^ cells/well in 200 μl medium onto 24-well Transwell chambers. The cell monolayer normally reaches confluency after 2 days. Then, the hyperglycemia-treated cells were switched to hyperglycemia EBM without FBS or growth factors but with IL-1β (20 ng/ml) for 16 h. For RGFP966 (final concentration 5 μM) or trigonelline (final concentration 1 μM; Cat Number: T5509; Sigma, St. Louis, MO) treated group, these drugs were added to the medium immediately right after IL-1β exposures. The media in both upper and lower chambers were then removed and replaced with fresh media without supplement. Permeability was measured by adding 0.1 mg/ml of FITC-labeled Dextran (Cat Number: 46945, MW, 70,000; Sigma, St. Louis, MO) to the upper chamber, with the lower compartment containing fresh serum-free media. After incubation for 20 min, 100 μl of medium from the lower compartment was taken and measured for fluorescence at excitation 490 nm and emission 520 nm using a microplate reader (SpectraMax M5, Molecular Devices). All independent experiments were performed in triplicate.

Measurement of trans-endothelial electrical resistance {#Sec8}
------------------------------------------------------

The trans-endothelial electrical resistance (TEER) was measured as we previously described \[[@CR23]\]. The same experimental groups tested for permeability assay were examined for TEER. In brief, the 6 mm Transwell with cultured endothelial cell monolayer was transferred into the EndOhm-6 chamber. Both the media in the chamber and Transwell were replaced with 0.1 M KCl. EndOhm cap was then inserted on the top of the chamber and Transwell connected with the chamber using a connector cable, and resistance was then measured using the EVOM resistance reader (World Precision Instruments, Sarasota, FL). Meanwhile, a new Transwell containing 0.1 M KCl without any cells was used as a blank control.

Western blots {#Sec9}
-------------

Since Nrf2/Keap1 pathway is a redox-sensitive master regulator, it has been reported that Nrf2/Keap1-junction protein expression cascade plays an important role in BBB permeability. To draw a potential causality, we thus sampled brain tissues for the assessment of upstream regulators Nrf2/Keap1 at early day 7 and its downstream junction protein expression at late day 10 with/without HDAC3 inhibition, respectively. For brain sample protein extraction, the mouse was cardio-perfused with saline. Then, the hippocampus and cortex protein were extracted using lysis buffer (Cat Number: 9803, Cell Signaling, Danvers, MA). For total protein isolation of cultured HBMEC, the cells were washed twice with ice-cold PBS then lysed with ice-cold lysis buffer. For junction proteins examination, plasma membrane protein was isolated using the Plasma Membrane Protein Extraction Kit (Cat Number: ab65400, Abcam). The proteins were separated on 4--20% Tris-glycine gel, followed by blotting to the PVDF membrane. The membrane was then incubated with primary anti-HDAC3 (1:1000, Cat Number: ab32369, RRID: AB_732780, Abcam), anti-Histone H3 (1:1000, Cat Number: 4499, RRID: AB_10544537, Cell Signaling), anti-GAPDH (1:10,000, Cat Number:5174, RRID: AB_10622025, Cell Signaling), anti-Na,K-ATPase(1:1,000, Cat Number: ab7671, RRID: AB_306023, Abcam), anti-Nrf2 (1:1,000, Cat Number: 12721, RRID: AB_2715528, Cell Signaling), anti-Keap1 (1:1,000, Cat Number: sc-33569, RRID: AB_2280949, Santa Cruz), anti-IL-1β (1:1,000, Cat Number: 31202,Cell Signaling), anti-Claudin-5 (1:1000, Cat Number: ab15106, RRID: AB_301652, Abcam), anti-VE-cadherin (1:1000, Cat Number: ab33168, RRID: AB_870662, Abcam), anti-Occludin (1:1000, Cat Number: 71-1500, RRID: AB_2533977, Invitrogen), and anti-ZO-1 (1:1000, Cat Number: 617300, RRID: AB_2533938, Invitrogen) antibodies at 4 °C overnight. The membrane was incubated with horseradish peroxidase-conjugated secondary antibodies and washed with TBST, and immunolabeling was detected by enhanced chemiluminescence (ECL; GE Healthcare) according to the manufacturer's instruction. Quantitative densitometry was performed on the protein bands by using ImageJ software.

RNA purification and quantitative PCR {#Sec10}
-------------------------------------

For HDAC3 mRNA expression, brain tissue samples of the hippocampus and cortex were collected from mice at the age of 16 weeks. For miRNA200a and U6snRNA expression, brain tissue samples were collected after day 7 with/without RGFP966 treatment. For Nrf2-targeted pro-inflammatory cytokines expression, brain tissue samples were collected after day 10 with/without RGFP966 treatment. Following transcardial perfusion with 0.01 M phosphate-buffered saline (pH 7.4), hippocampus and cortex tissues of mice were collected and stored at − 80 °C until processing. Total RNA was extracted and reverse-transcribed using RNeasy Lipid Tissue Mini Kit (Qiagen) and QuantiTect reverse transcription system (Qiagen) according to the manufacturer's instructions. Real-time polymerase chain reaction (PCR) was performed on an ABI 7500 Fast Real-Time PCR system using TaqMan gene expression assays for HDAC3 (Cat Number: Mm00515916_m1), HO-1 (Cat Number: Mm00516005_m1), CAT (Cat Number: Mm00437992_m1), and housekeeping gene B2M (Cat Number: Mm00437762_m1) (Applied Biosystems, USA). Levels of miRNA200a (Cat Number: 000502) and U6snRNA control RNA (Cat Number: 001973) were measured using the TaqMan microRNA Reverse Transcription Kits (Cat Number:4366596, Thermo Fisher) and ABI 7500 Fast Real-Time PCR system according to the manufacturer's instructions. Reactions were performed in duplicate according to the manufacturer's instructions. Relative expression levels were calculated with the 2 − ΔΔCt method.

HDAC3 activity assay {#Sec11}
--------------------

Briefly, the nuclear protein was extracted from the hippocampus and cortex using the NE-PER™ Nuclear and Cytoplasmic Extraction Reagents (Cat Number: 78835, Thermo Fisher Scientific, Waltham, MA). Nuclear protein concentration was measured and normalized with a selective internal control Histone H3. HDAC3 activity was quantified with HDAC3 Activity Assay Kit (Cat Number: EPI004, Simga, St. Louis, MO) following the manufacturer's instruction.

Immunocytochemistry {#Sec12}
-------------------

Immunostaining for junction proteins in HBMEC was performed following a standard method as we previously described \[[@CR21]\]. Briefly, cultured HBMEC in 24-well plates were washed with PBS and fixed with 4% paraformaldehyde for 30 min, then washed with PBS containing 0.1% Tween and further incubated with 5% FBS for 1 h. Next, the cells were incubated with primary anti-Claudin-5 (1:1000, Cat Number: ab15106, RRID: AB_301652, Abcam), anti-VE-cadherin (1:1000, Cat Number: ab33168, RRID: AB_870662, Abcam), and anti-ZO-1 (1:1000, Cat Number: 617300, RRID: AB_2533938, Invitrogen) antibodies at 4 °C overnight. After PBS washing, the cells were incubated with fluorescence-conjugated secondary antibodies (Jackson ImmunoResearch), for 1 h at room temperature. Vectashield mounting medium containing DAPI was used to cover the wells. Fluorescent signals were examined using Nikon Eclipse T300 fluorescence microscope.

Co-immunoprecipitation {#Sec13}
----------------------

Co-immunoprecipitation (Co-IP) was performed following our previously published methods \[[@CR21]\]. Proteins were extracted from mice at day 7 or cultured HBMEC, and immunoprecipitation was performed using 2 μg polyclonal antibody against mouse Keap1 (1:1,000, Cat Number: sc-33569, RRID: AB_2280949, Santa Cruz). After 3 hr incubation, protein G sepharose was added and incubated overnight at 4 °C, and then centrifuged for 1 min at 12,000*g*. The precipitates were rinsed with immunoprecipitation buffer (0.5% NP-40, Tris-Cl pH 8.0, 0.15 M NaCl) four times to remove non-specific binding molecules. IgG was used as a negative control for precipitation. The protein levels of Nrf2 and Keap1 in precipitates were then assessed by Western blot.

Statistical analysis {#Sec14}
--------------------

SPSS for Windows version 17.0 software (SPSS, Inc, Chicago, IL, USA) was used for the data analyses. Results were expressed as mean ± SEM. Abnormal distribution was compared as groups using a Mann-Whitney test. Two-tailed unpaired *t* test was used for the two groups. One-way ANOVA was used for comparison of three or more groups. *P* \< 0.05 was considered statistically significant.

Results {#Sec15}
=======

HDAC3 expression and activity are increased in the brain of db/db mice {#Sec16}
----------------------------------------------------------------------

Since BBB leakage in type 2 diabetes model was reported mainly located in the brain hippocampus \[[@CR24]\] and cortex \[[@CR25]\], mixed hippocampus and cortex tissue sample was used in this study. HDAC3 mRNA and protein expression levels were significantly increased in the db/db group compared to the db/+ group (Fig. [1](#Fig1){ref-type="fig"}a--c). We for the first time also examined the HDAC3 activity between the db/db and db/+ mouse brains. HDAC3 activity was also significantly higher in db/db compared to db/+ mice (Fig. [1](#Fig1){ref-type="fig"}d). In addition, we isolated the brain microvascular and measured HDAC3 mRNA expression. Consistent with the results obtained from mixed brain tissue samples of the hippocampus and cortex, HDAC3 mRNA expression in microvascular was significantly elevated in the db/db group (Fig. [1](#Fig1){ref-type="fig"}e). Then, we also assessed and compared the baseline levels of HDAC3 expression and activity between db/+ mice and genetic matching wild-type mice (C57BLKS/J); no baseline differences were detected (Additional file [3](#MOESM3){ref-type="media"}).Fig. 1HDAC3 expression and activity are increased in the brain in db/db mice. **a** Representative Western blots gel images of HDAC3 expression in the mouse brain hippocampus and cortex tissues. **b** Quantification of Western blot analysis of HDAC3 protein expression. GAPDH served as an equal loading control. **c** Quantification of HDAC3 mRNA expression examined by real-time quantitative PCR. **d** Quantification of HDAC3 activity in nuclear extraction of brain hippocampus and cortex tissues. **e** Quantification of HDAC3 mRNA expression in brain microvascular examined by real-time quantitative PCR. Data are expressed as mean ± SEM, \**P* \< 0.05 vs. db/+, *n* = 6 mice per group

HDAC3 inhibition reduces diabetes-induced BBB permeability and rescues junction protein expression in db/db mice {#Sec17}
----------------------------------------------------------------------------------------------------------------

We used fluorescent tracers NaFl (M.W 376), as well as FITC-Dextran (4 kDa and 10 kDa, respectively) to examine BBB permeability. We found that BBB permeability of NaFl was significantly increased in db/db compared to db/+ mice (Fig. [2](#Fig2){ref-type="fig"}a, b). However, there were no detectable leakages of bigger tracers FITC-Dextran (4 kDa, and 10 kDa, respectively). Moreover, HDAC3 inhibition by RGFP966 (10 mg/kg/day for 10 days) significantly decreased NaFl permeability compared to the vehicle group (Fig. [2](#Fig2){ref-type="fig"}a, b). And RGFP966 treatment for 10 days did not change the blood glucose level or body weight in db/db mice (Additional file [2](#MOESM2){ref-type="media"}). Tight junction and adheren junction proteins play important roles in maintaining BBB integrity \[[@CR26]\]. We then tested the junction proteins expression by Western blot. We found that ZO-1, VE-Cadherin, Occludin, and Claudin-5 protein levels were significantly decreased in db/db mice compared to db/+ mice, while HDAC3 inhibition significantly rescued the expression of VE-Cadherin and Claudin-5 (Fig. [2](#Fig2){ref-type="fig"}c--g).Fig. 2HDAC3 inhibition reduces diabetes-induced BBB permeability and rescues junction protein expression in db/db mice. **a** db/db mice at the age of 16 weeks were treated with RGFP966 for 10 days. Fluorescent images of sodium fluorescein extravasation and CD31 staining. Images show × 4 macro-shots for the whole brain as well as zoomed in × 20 images in representative regions. **b** NaFl leakage was determined by quantifying the relative fluorescent intensity of sodium fluorescein. **c** Representative Western blot gel images of junction proteins ZO-1, VE-cadherin, Occludin, and Claudin-5. **d**--**g** Western blot analysis quantification for protein expression of ZO-1, VE-cadherin, Occludin, and Claudin-5. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. db/+, ^\#^*P* \< 0.05 vs. db/db, *n* = 5 mice per group

HDAC3 inhibition reduces hyperglycemia-IL1β insult-induced permeability of cultured HBMEC monolayer {#Sec18}
---------------------------------------------------------------------------------------------------

We found that IL-1β protein level was significantly increased in the db/db mouse brains compared to db/+ mice, suggesting an upregulated inflammation in the db/db mouse brain (Fig. [3](#Fig3){ref-type="fig"}a, b). Thus, we used hyperglycemia (25 mM glucose) plus IL-1β (20 ng/ml) (HG-IL1β) in HBMEC monolayer culture as an in vitro model of diabetic BBB insult \[[@CR21]\]. HG-IL1β insult significantly increased the permeability of HBMEC monolayer, whereas this increase was significantly reversed by HDAC3 inhibition (Fig. [3](#Fig3){ref-type="fig"}c). To further validate the effect of HDAC3 inhibition on endothelial monolayer integrity, we tested the TEER using the EndOhm chamber and EVOM resistance meter. We found that HG-IL1β insult significantly decreased the TEER of cultured HBMEC monolayer compared to normal control, whereas HDAC3 inhibition significantly rescued the TEER decrease compared to HG-IL1β group, further validating the protective effect of HDAC3 inhibition on endothelial monolayer integrity (Fig. [3](#Fig3){ref-type="fig"}d). HG-IL1β or HG-IL1β+RGFP966 (5uM) did not significantly change the viability of HBMECs, suggesting that the protective effect of RGFP966 against HG-IL1β-induced endothelial monolayer permeability is not through increasing the cell viability (Fig. [3](#Fig3){ref-type="fig"}e).Fig. 3HDAC3 inhibition reduces hyperglycemia-IL1β (HG-IL1β) insult-induced permeability of cultured HBMEC monolayer. **a** Representative Western blot gel images of IL-1β expression in the mouse brain hippocampus and cortex tissues. **b** Quantification of Western blot analysis of IL-1β protein expression. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. db/+, *n* = 4; c. Relative HBMEC monolayer permeability after HG-IL1β insult with/without RGFP966 treatment. **d** TEER measurement of HBMEC monolayers after HG-IL1β insult with/without RGFP966 treatment. **e** Viability of cultured HBMEC after HG-IL1β insult with/without RGFP966 treatment. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. norm, ^\#^*P* \< 0.05 vs. HG-IL1β, *n* = 6

HDAC3 inhibition prevents hyperglycemia-IL1β insult-induced tight junction loss in cultured HBMEC monolayer {#Sec19}
-----------------------------------------------------------------------------------------------------------

Next, we isolated the plasma membrane fractions of HBMEC and examined the junction protein expression by Western blot. NaK-ATPase served as an equal loading control of the membrane protein. In the HG-IL1β group, ZO-1, VE-cadherin, and Claudin-5 protein levels were significantly reduced by HG-IL1β insult, whereas this reduction was rescued by HDAC3 inhibition (Fig. [4](#Fig4){ref-type="fig"}a--e). We further performed immunocytochemistry to test the membrane localization of ZO-1, VE-cadherin, and Claudin-5 in cultured HBMECs. HG-IL1β insult may disrupt the alignment of tight junction proteins, while this disruption was rescued by HDAC3 inhibition (Fig. [4](#Fig4){ref-type="fig"}f).Fig. 4HDAC3 inhibition prevents hyperglycemia-IL1β (HG-IL1β) insult-induced tight junction loss in cultured HBMEC monolayer. **a** Representative Western blot gel images of ZO-1, VE-cadherin, Occludin, and Claudin-5 in cultured HBMEC after HG-IL1β insult with/without RGFP966 treatment. **b**--**e**. Quantifications of junction protein ZO-1, VE-cadherin, Occludin, and Claudin-5 protein expression in cultured HBMEC. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. norm, ^\#^*P* \< 0.05 vs. HG-IL1β, *n* = 6 cultures per groups. **f** Immunocytochemistry of ZO-1, VE-cadherin, and Claudin-5 in cultured HBMEC after HG-IL1β with/without RGFP966 treatment. White arrows indicate disrupted alignment of tight junction proteins

HDAC3 inhibition decreases Nrf2 expression and Keap1-Nrf2 interaction in db/db mice and in cultured HBMEC monolayer {#Sec20}
-------------------------------------------------------------------------------------------------------------------

We examined the Nrf2 protein expression levels of nuclear extraction by Western blots. We found that Nrf2 level was decreased in the db/db mouse brains compared to db/+ controls, while this decrease was significantly rescued by HDAC3 inhibition (Fig. [5](#Fig5){ref-type="fig"}a, b). Moreover, we found HG-IL1β insult significantly decreased Nrf2 protein level in nuclear extraction of cultured HBMEC, and HDAC3 inhibition significantly rescued the Nrf2 expression decrease (Fig. [5](#Fig5){ref-type="fig"}c, d). We also examined Nrf2's repressor Keap1 protein expression and interaction with Nrf2. We found Keap1 protein expression was significantly increased in the db/db mouse brains compared to db/+ controls, while this increase was significantly attenuated by HDAC3 inhibition (Fig. [5](#Fig5){ref-type="fig"}e, f). We further performed Co-IP to test Keap1-Nrf2 interaction using Keap1 antibody, followed by Western blot using Nrf2 antibody. We observed significantly strengthened interaction of Keap1 with Nrf2 in the db/db mouse brain compared to db/+ controls, whereas this increase was significantly blocked by HDAC3 inhibition (Fig. [5](#Fig5){ref-type="fig"}g, h). For in vitro study, we further examined the Keap1 protein level in cultured HBMECs by Western blot. Consistent with the in vivo findings, Keap1 protein level in HBMECs cell lysate was significantly increased after HG-IL1β insult, which was significantly blocked by HDAC3 inhibition (Fig. [5](#Fig5){ref-type="fig"}i, j). Moreover, HDAC3 inhibition significantly reduced the interaction between Nrf2 and Keap1 of HG-IL1β insulted HBMEC cultures (Fig. [5](#Fig5){ref-type="fig"}k, l).Fig. 5HDAC3 inhibition decreases Nrf2 expression and Keap1-Nrf2 interaction in db/db mice and in cultured HBMEC monolayer. **a**, **b** Representative Western blot gel images and quantification of Nrf2 protein expression in nuclear extract of the db/db and db/+ mouse brains. Histone H3 served as an equal loading control. Data are expressed as mean ± SEM.\**P* \< 0.05 vs. db/+, ^\#^*P* \< 0.05 vs. db/db, *n* = 4 mice per group. **c**, **d** Representative Western blot gel image and quantification of Nrf2 protein expression in nuclear extract of HBMEC cultures. Histone H3 served as an equal loading control. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. norm, ^\#^*P* \< 0.05 vs. HG-IL1β, *n* = 4 cultures per group. **e**, **f** Representative Western blot gel images and quantification for Keap1 protein expression in the mouse brain. GAPDH served as an equal loading control. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. db/+, ^\#^*P* \< 0.05 vs. db/db, *n* = 4 mice per group. **g**, **h** Representative Western blot images and quantification for Nrf2 level (binding with keap-1) after Co-IP with Keap1 antibody using the brain lysates. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. db/+, ^\#^*P* \< 0.05 vs. db/db, *n* = 4 mice per group. **i**, **j** Representative Western blot gel images and quantification for Keap1 protein expression in cultured HBMEC. GAPDH served as an equal loading control. **k**, **l** Representative Western blot gel images and quantification for Nrf2 level (binding with keap-1) after Co-IP with Keap1 antibody in cultured HBMEC. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. norm, ^\#^*P* \< 0.05 vs. HG-IL1β, *n* = 4 cultures per group

HDAC3 inhibition affects miR-200a/Keap1/Nrf2 pathway and associated protective effects in endothelial monolayer permeability {#Sec21}
----------------------------------------------------------------------------------------------------------------------------

We then examined the expression of miR-200a under HDAC3 inhibition. We found that miR-200a levels were not significantly different in the mouse brains between db/db and db/+ mice. However, treatment with the RGFP966 leads to a significant increase in miR-200a levels (Fig. [6](#Fig6){ref-type="fig"}a). To verify the involvement of the Nrf2 in the protective role of HDAC3 inhibition in BBB permeability, we examined the expression of Nrf2 targeting (upregulating) genes Catalase (CAT) and Heme oxygenase-1 (HO-1). HDAC3 inhibition significantly increased the mRNA levels of CAT and HO-1, compared to the vehicle-treated db/db mice (Fig. [6](#Fig6){ref-type="fig"}b, c). Furthermore, the mRNA levels of Nrf2-supressing genes and pro-inflammatory cytokines such as IL-1β and IL-6 were decreased after HDAC3 inhibition (Fig. [6](#Fig6){ref-type="fig"}d, e). These findings indicate that Nrf2 signaling was activated by HDAC3 inhibition. We further validated whether Nrf2 is required for the protection effect of HDAC3 inhibition on HG-IL1β-induced endothelial monolayer permeability. HBMEC monolayer with HG-IL1β insult was treated with RGFP966 alone or RGFP966 combined with Nrf2 inhibitor trigonelline (1 μM). We found that trigonelline significantly blocked the protection effect of HDAC3 inhibition in HG-IL1β-induced endothelial monolayer permeability (Fig. [6](#Fig6){ref-type="fig"}f, g). These data suggesting that miR-200a/Keap1/Nrf2 is required for HDAC3 protection of BBB integrity.Fig. 6HDAC3 inhibition affects the miR-200a/Keap1/Nrf2 pathway and associated protective effects in endothelial monolayer permeability. **a** Quantification of miR-200a expression in db/+ and db/db mice with/without RGFP966 treatment, measured by real-time quantitative PCR. **b**--**e** Quantifications of HO-1, CAT, IL-1β, and IL-6 mRNA expression in db/+ and db/db mice with or without RGFP966 treatment, measured by real-time quantitative PCR. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. db/+, ^\#^*P* \< 0.05 vs. db/db, *n* = 4 mice per group. **f** Relative transendothelial permeability (Dextran Extravasation) of cultured HBMEC, induced by HG-IL1β insult and treated with RGFP966 or Nrf2 inhibitor trigonelline. **g** TEER measurement of HBMEC monolayers induced by HG-IL1β insult and treated with RGFP966 or Nrf2 inhibitor trigonelline. Data are expressed as mean ± SEM. \**P* \< 0.05 vs. norm, ^\#^*P* \< 0.05 vs. HG-IL1β and *P* \< 0.05 vs. HG-IL1β+RGFP966, *n* = 4 cultures per group

Discussion {#Sec22}
==========

Accumulating in vivo and in vitro studies have demonstrated that T2DM can progressively compromise BBB integrity and may significantly contribute T2DM-associated neurological disorders. For example, significant extravasation of plasma proteins (e.g., 60 kDa albumin) has been reported in diabetic rodents \[[@CR27]\] and humans \[[@CR28]\]. It is therefore of high clinical importance to clarify the mechanisms of T2DM-induced BBB dysfunction. In this study, we for the first time investigated the effect of HDAC3 inhibition on BBB permeability using both diabetic mice and cultured HBMEC monolayer. We found that (1) the expression and activity of HDAC3 are increased in db/db mice in the hippocampus and cortex, (2) HDAC3 inhibition ameliorated BBB permeability in db/db mice and HBMEC monolayer permeability after HG-IL1β insult, (3) HDAC3 inhibition rescued junction proteins loss induced by diabetic state, (4) the protection effect of HDAC3 inhibition on BBB permeability relies on Nrf2 activation, (5) HDAC3 inhibition upregulates Nrf2 by decreasing the binding of Nrf2 to keap1, the negative regulator of Nrf2, which is associated with miR-200a upregulation.

HDACs comprise a family of 18 enzymes that are referred to as HDAC 1--11 and SIRT 1--7. They are classified into four groups based on function and sequence homology: class I (HDACs1--3 and 8), class II (HDACs 4--7, 9--10), class III (SIRT1--7), and class IV (HDAC11) \[[@CR29]\]. HDAC3 is the most highly expressed class I HDAC in the brain \[[@CR9]\]. By using HDAC3 knockout mice and highly selective HDAC3 inhibitor, increasing evidence support that HDAC3 is involved in the pathophysiology of diabetes mellitus and many neurological disorders \[[@CR11], [@CR12], [@CR30], [@CR31]\]. Consistently, in this study, we observed an increase of HDAC3 activity and expression in the hippocampus and cortex of db/db mice. We previously found that HDAC3 inhibition can prevent OGD/R-induced transendothelial permeability in cultured HBMEC \[[@CR19]\]. In this current study, we found that HDAC3 inhibition by RGFP966 inhibited the activity of HDAC3 and reduced BBB permeability in db/db mice and HBMEC monolayer permeability after HG-IL1β insult. These findings altogether indicate that HDAC3 may play critical roles in T2DM-associated neuronal disorders and could be a potential target for therapeutics development.

We found BBB permeability of NaFl was significantly increased in db/db compared to db/+ mice. Previous investigations suggest the changes in BBB permeability to NaFl may be the earliest and the most sensitive indicator of BBB disruption than other tracers \[[@CR32]\]. The increased NaFl permeability is consistent with previous reports that there is an early BBB damage at this age (\~ 16 weeks) of db/db mice \[[@CR21], [@CR26]\].

Junction proteins, including tight junction and adherens junction that are located in the apical region of the cell membrane, are critical components and regulators of BBB permeability \[[@CR33]\]. Various pathological conditions such as ischemia/hypoxia and neuroinflammation may lead to disruption of BBB integrity via loss of junction proteins, which results in entrance of numerous activated pro-inflammatory cells and protein-rich influx into the brain parenchyma, enhancing overall cerebral pathology \[[@CR34]\]. In this study, we examined the junction protein expression in a diabetic state. We found HDAC3 inhibition significantly rescued downregulation of junction proteins VE-Cadherin and Claudin-5 but not ZO-1 and Occludin. HDAC3 inhibition rescued diabetes-induced junction proteins loss, which might contribute to the protective effect of HDAC3 inhibition on diabetic state-induced BBB permeability. It has been well known that tight junction expressions are controlled with a variety of regulatory mechanisms including Nrf2 \[[@CR35]\]. However, emerging experimental investigations showed different regulation roles or effects by different HDAC family members or HDAC inhibitors, and these effects might also vary under different pathological conditions in modulating different junction proteins \[[@CR36]\]. This may explain that, in our study, HDAC3 inhibition only have protective effects on some junction proteins only.

Recent studies using Nrf2 activators demonstrated that Nrf2 protects against BBB dysfunction in multiple neurological disorders \[[@CR37], [@CR38]\]. Under basal conditions, Nrf2 is sequestered in the cytoplasm by a repressor protein Keap1, which is a repressor protein that binds to Nrf2 and promotes its degradation by the ubiquitin-proteasome pathway \[[@CR39]\]. Reduced Keap1 expression can lead to nuclear translocation of Nrf2 and subsequent target gene expression. This Nrf2-Keap1 signaling pathway has been well described as the major mechanism involved in cellular defense against oxidative stress in many pathological conditions, including T2DM \[[@CR40]\].

Our group has proved that recombinant FGF21 protects against BBB leakage through Nrf2 upregulation in type 2 diabetes mice \[[@CR21]\]. In this study, we found that HDAC3 inhibition may protect against diabetes-induced BBB damage through Nrf2 activation*.* HDAC3 inhibition lead to the decrease of Keap1 protein, a repressor of Nrf2. Nrf2 then translocate into the nucleus and promote the transcription of protective gene CAT and HO-1. This finding is consistent with previous studies that Nrf2-dependent antioxidant genes were upregulated in HDAC3-deficient macrophages \[[@CR41]\]. We also found that HDAC3 inhibition effectively reduced the mRNA levels of IL-1β and IL-6 in db/db mice, which is consistent with the facts that upregulation of Nrf2 downstream proteins such as HO-1 can reduce the production of pro-inflammatory cytokines \[[@CR42]\] and that HDAC3 inhibition may reduce pro-inflammatory response by cytokine downregulation \[[@CR43]\].

It has been reported that HDAC3 inhibition regulates Keap1/Nrf2 in tumor cell lines or type 1 diabetes-associated aortic pathologies, which is through modulating the expression of miR-200a that binds to the 3′-terminal region of the Keap1 mRNA to inhibit its translation \[[@CR17], [@CR18]\]. In this study, we observed that treatment with the RGFP966 leads to a significant increase in miR-200a levels, which may one of the underlying mechanisms for the Keap1 downregulation and associated Nrf2 activation.

Since BBB leakage in type 2 diabetes model was reported mainly located in the brain hippocampus \[[@CR24]\] and cortex \[[@CR25]\], the hippocampus and cortex areas are focused on this study. Unfortunately, a technical difficulty is that tissue or nuclear protein amount of isolated cerebral microvascular fragments in mice are too limited to assess HDAC3 and Nrf2 activity or activation. We therefore not only, in this study, assessed HDAC3 mRNA, protein, and activity using brain hippocampus and cortex tissues, but also tested our hypothesis in cultured HBMEC under in vitro diabetes condition and hyperglycemia plus IL-1β exposure.

Besides, there are a few caveats in this study. First, the C57BLKS-Leprdb T2DM mice that are deficient in leptin receptor may not reflect the actual pathology in T2DM patients. There are variable mechanisms and metabolic characteristics among different T2DM animal models; thus, studies using other diabetes models should be considered in the future. Second, since Nrf2-keap 1 pathway signaling also involves in astrocytes \[[@CR44]\], another important BBB cellular component \[[@CR45], [@CR46]\], astrocytes, might also play important roles. However, we did not use co-culture of endothelial cells with primary astrocytes (in vitro BBB model) \[[@CR47]\], and there was also a lack of astrocyte-conditioned media in the in vitro portion of the present study. The detailed roles and mechanisms of astrocytes in HDAC3-mediated BBB permeability of T2DM warrant investigation in the future. Third, it has been known that the function of HDAC3 consists of as part of nuclear receptor co-repressors, its enzymatic activity and its post-translational modifications \[[@CR48]\]. Thus, the pathological role of HDAC3 in the T2DM-associated BBB permeability is likely complex, which requires further investigation. Fourth, there was a discrepancy in assessing transendothelial permeability by tracing 70 kDa FITC-Dextran in the cultured monolayer endothelial cell cultures, but we only found BBB leakage increase of small molecule NaFl, but not 4--10 kDa FITC-Dextran in the db/db mouse brain. Because BBB integrity in the brain tissue is much tighter than the monolayer endothelial cell culture, transendothelial permeability was commonly assessed by tracing relatively larger molecules in monolayer endothelial cell cultures \[[@CR49]\]. Using a more physically comprehensive in vitro BBB model would help to elucidate more detailed underlying mechanisms of HDAC3 inhibition-associated BBB protection in the future \[[@CR50]\]. Fifth, we observed a coincidence HDAC3 inhibition-associated junction protein expression promotion and BBB permeability protection, but their causal relation remains to be defined. Last, it has been well known that BBB leakage in T2DM may lead to cognitive impairment \[[@CR26], [@CR51]\], which was not examined in the present study; however, the role and mechanism of HDAC3 inhibition in the BBB-associated neurological complication such as cognitive impairment warrant further investigation.

Conclusion {#Sec23}
==========

Experimental findings from the present study show that HDAC3 inhibition may protect against T2DM-induced BBB permeability, and the beneficial effect is at least in part attributed by miR-200a/Keap1/Nrf2 pathway. Taken together, this experimental study suggests that HDAC3 might be a new therapeutic target for BBB damage in T2DM.
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Additional file 1:Animal numbers used in each experimental assessment. Totally, four groups of mice were used in each experiment. T2DM (db/db, leptin receptor-deficient), genetic non-hyperglycemic control (db/+), and wild-type (WT) male mice at the age of 16 weeks were used in this study. One group of db/db mice were treated with HDAC3 inhibitor RGFP966 (db/db+RGFP966). In each experiment, animal numbers used for each group were listed. (DOCX 14 kb) Additional file 2:Changes of animal body weight and blood glucose level. Sixteen-week-old db/db male mice were treated with/without RGFP966 for 10 days. Body weight (a) and blood glucose level (b) were measured every other day after RGFP966. There was no statistic difference between RGFP966 treated and non-treated db/db mice. Data are expressed as mean ± SEM. *n* = 8 mice per group. (TIF 545 kb) Additional file 3:Baseline levels of HDAC3 expression and activity in the brain of C57BLKS/J and db/+ mice. a. Representative Western blot gel images for HDAC3 in the same genetic background WT mice-C57BLKS/J (BKS) mice and db/+ mice. b. Quantification of Western blot analysis of HDAC3 protein levels. GAPDH served as an equal loading control. c. Quantification of HDAC3 mRNA expression examined by real-time quantitative PCR. d. Quantification of HDAC3 activity in nuclear extraction by HDAC3 activity assay. Data are expressed as mean ± SEM. *n* = 6 mice per group. (TIF 297 kb)
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